Mass spectrometry has gained prominence in limited proteolysis studies largely due to its unparalleled precision in determining protein molecular mass. However, proteolytic fragments usually cannot be identified through direct mass measurement, since multiple subsequences of a protein can frequently be matched to observed masses of proteolytic fragments. Therefore, additional information from N-terminal sequencing is often needed. Here we demonstrate that mass spectrometry analysis of the time course of limited proteolysis reactions provides new information that is self-sufficient to identify all proteolytic fragments. The method uses a non-specific protease like subtilisin and exploits information contained in the time-resolved dataset such as: increased likelihood of identifying larger fragments generated during initial proteolysis solely by their masses, additivity of the masses of two mutually exclusive sequence regions that generate the full-length molecule (or an already assigned subfragment), and analyses of the proteolytic subfragment patterns that are facilitated by having established the initial cleavage sites. We show that the identities of the observed proteolytic fragments can be determined by LC/MS alone because enough constraints exist in the time-resolved dataset. For a medium-sized protein, it takes about 8 h to complete the study, a significant improvement over the traditional SDS-PAGE and N-terminal sequencing method, which usually takes several days. We illustrate this method with application to the catalytic domain of mitogen-activated protein kinase-activated protein kinase-2, and compare the results with N-terminal sequencing data and the known X-ray crystal structure. imited proteolysis is a method that has been used for decades in a wide range of applications involving protein structure analysis. The method consists of two parts: proteolysis of the target protein under controlled conditions where the protein is only partially digested, followed by identification of protease-resistant stable products. The first part is well established and has remained essentially unchanged methodologically over the years, even though the precise reason for why some sites are sensitive to cleavage, whereas others are resistant, is not entirely known. Nevertheless, it is generally accepted that accessible, flexible, and unstructured regions are preferably cleaved [1, 2] and that stably folded and structured fragments are more resistant to cleavage. The second part of the method, identifying limited proteolysis products, has traditionally been done by SDS-PAGE coupled with N-terminal sequencing. However, this approach is slow, tedious, and usually cannot determine the C-termini of proteolysis products due to insufficient accuracy of SDS-PAGE for measuring protein fragment mass.
L imited proteolysis is a method that has been used for decades in a wide range of applications involving protein structure analysis. The method consists of two parts: proteolysis of the target protein under controlled conditions where the protein is only partially digested, followed by identification of protease-resistant stable products. The first part is well established and has remained essentially unchanged methodologically over the years, even though the precise reason for why some sites are sensitive to cleavage, whereas others are resistant, is not entirely known. Nevertheless, it is generally accepted that accessible, flexible, and unstructured regions are preferably cleaved [1, 2] and that stably folded and structured fragments are more resistant to cleavage. The second part of the method, identifying limited proteolysis products, has traditionally been done by SDS-PAGE coupled with N-terminal sequencing. However, this approach is slow, tedious, and usually cannot determine the C-termini of proteolysis products due to insufficient accuracy of SDS-PAGE for measuring protein fragment mass.
Advances in matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOFMS or MALDI) and high performance liquid chromatography with electrospray ionization mass spectrometry (HPLC-ESI-MS or LC/MS) have revolutionized mass spectral analysis of macromolecules with greater mass accuracy and speed. As a result, much more precise information about proteolysis products can be obtained when mass spectrometry is used. In the past ten years or so, many studies involving limited proteolysis have used mass spectrometry, such as binding epitope mapping [3] [4] [5] [6] [7] , domain structure and function [8 -14] , protein-protein interaction and assembly [15] [16] [17] [18] , protein modification [19 -21] , protein conformation and topology [22] [23] [24] [25] [26] [27] , and domain isolation and crystallography [28 -30] , for example. Generally speaking, unless specific enzymes are used, MS-based ap-proaches still need additional information from other techniques such as N-terminal sequencing to unambiguously identify proteolysis products. This is because many fragments of a protein molecule can have very similar masses that are too close to be differentiated by a simple mass spectrometric measurement. A common way to bypass this hurdle is using high-specificity proteases such as trypsin to cleave at specific residues. Although this approach facilitates assignment of detected masses to fragments, it limits the analysis to regions of the target protein that contain the preferred amino acid sequence. In addition, many so-called specific proteases will cleave both primary recognition sequences and secondary sequences, thus further complicating identification of fragments. Alternatively, peptide mapping on HPLC isolated fractions or SDS-PAGE separated bands could provide additional information on sequence coverage that could in principle facilitate fragment identification. However, each HPLC fraction or gel band requires significant amounts of sample preparation and enzymatic digestion time (hours) followed by additional time for LC/MS/MS analysis. A complete limited proteolysis study by peptide mapping could take several days to finish. In addition, it can sometimes be challenging to determine the N-or Ctermini of protein fragments by peptide mapping.
Recently Stroh and colleagues [31] reported a method for using mass spectrometry alone to identify the N-and C-termini of stable fragments generated by limited proteolysis with semispecific or non-specific proteases. They showed that limited proteolysis products can be identified in cases where semispecific or non-specific proteases generate closely related fragments containing the same N-or C-terminus on one end while differing by a few residues at the other end. The Stroh studies prompted us to develop a general method for analyzing limited proteolysis products that solely relies on LC/MS.
Here, we report a new, time-resolved LC/MS method for identifying proteolytic fragments of target protein molecules using a non-specific protease such as subtilisin. The approach exploits mass and sequence constraints to eliminate false sequences matched to observed masses of proteolytic fragments. The most useful constraints are sequence exclusivity, sequence and mass complementarities (masses and sequence regions that sum to that of the intact protein), sequence and mass similarities of fragments co-eluting in LC separation, and the connectivity that exists between the known initial cleavage sites and the chronological pattern of sub-fragmentation that proceeds until the reaction is stopped. The time-resolved approach enables a more rapid and information-rich means for conducting structural analyses of protein targets by limited proteolysis.
Experimental

Protein Reagents
The DNA coding region for a truncated form (residues 41-364, as shown in Scheme 1) of isoform 2 of mitogenactivated protein kinase-activated protein kinase-2 (MAPKAP-K2 or MK2, RefSeq #NP116584) was cloned into a modified version of the commercially available pET28b vector (Novagen) in which the multiple-cloning site had been rearranged and the N-terminal His-tag region removed.
The resulting expressed protein entails MK2 isoform (241-364) with a single Met residue added on the N-terminus. The construct was expressed in E. coli BL21(DE3) cells (Novagen) in M9 minimal media supplemented with casamino acids and trace minerals. The recombinant protein was purified by cation exchange chromatography using an SP-Sepharose Fast Flow column, followed by size-exclusion chromatography using a Superdex 200 column, and yielded a product with a purity of Ͼ98%, as assessed by SDS-PAGE. Purified MK2 was stored at Ϫ80°C in small aliquots, at a concentration of 1 mg/mL in 20 mM HEPES, pH 7.5, containing 0.2 M NaCl, 1 mM EDTA, and 10 mM DTT. A fresh aliquot was thawed and used for each experiment.
Subtilisin Carlsberg was purchased from SigmaAldrich (St. Louis, MO, USA) as lyophilized powder (Cat. #P5380), reconstituted in 10 mM Tris, pH 8.0, containing 150 mM NaCl, to 1 mg/mL, at 0°C, and immediately frozen at Ϫ80°C in small aliquots. A fresh aliquot was used in each experiment.
Enzyme-to-Substrate Ratio
An appropriate enzyme-to-substrate ratio is needed to ensure that sufficient proteolysis occurs to allow stable domains to be identified, but not so much that the target protein is overly digested. When subtilisin was used as the protease, we have found an enzyme-to-substrate (E/S) ratio of 1/2000 (m/m) is optimal for most proteins (data not shown). This ratio usually allows all major proteolysis events to be captured over the 6-h time course. If the starting ratio was not suitable for a target protein, depending on the situation, increasing or decreasing the ratio by 10-fold would usually result in an acceptable digestion.
Limited Proteolysis
At time zero, MK2 at a concentration of 1.0 mg/mL was mixed with subtilisin at a mass ratio of E/S ϭ 1/20,000. The sample was then placed in an autosampler that injected the reaction mixture into the LC/MS system at different time points. The sample tray of the autosampler was maintained at 25 Ϯ 0.3°C. The first injection of 5 L of reaction mixture was made 2 min after MK2 was mixed with subtilisin. Additional injections of reaction mixture in equal volume were made every 15 min thereafter for the first 2 h, then every 30 min for the following 4 h. In the time course experiment using the traditional SDS-PAGE and N-terminal sequencing method, aliquots of 10 L sample were collected at various time points, and 1 mM phenylmethanesulfonyl fluoride (Cat. #P7626, Sigma-Aldrich) was added to stop the reaction before each tube was placed on dry ice. After all time point samples were collected, the fractions were thawed, mixed with lithium dodecyl sulfate sample buffer (Cat. #NP0007, Invitrogen, Carlsbad, CA, USA), and loaded directly onto a 4 -12% NuPage gel 
LC/MS Analysis
The HPLC system including a temperature-controlled autosampler, an HPLC pump, and a photodiode detector, was made by Thermo Fisher Scientific (Waltham, MA, USA). The reversed-phase liquid chromatography (RPLC) column (Jupiter 5 C4 300 Å, 50 ϫ 2.0 mm), used for separating proteolytic fragments, was purchased from Phenomenex (Torrance, CA, USA). The mobile phases were 0.05% trifluoroacetic acid (TFA; Fluka, Cat. #91,707) dissolved in Millipore water (A) and acetonitrile (B) (Cat. #10071618, Honeywell Burdick & Jackson, Muskegon, MI, USA). The separation was done at a flow rate of 200 L/min with a combination of several linear gradients. For 15-min separation, the gradient in percentage of A was 100 -57, 57-52, 52-100, 100 -, in 1, 8, 1, and 5 min, respectively. For 30-min separation, the gradient in percentage of A was 100 -60, 60 -57, 57-53, 53-44, 44 -30, 30 -100, 100 -, in 4, 5, 5, 5, 3, 2, and 6 min, respectively. Eluted protein fragments from the RPLC column were fed into an LCQ-DUO ion trap mass spectrometer (Thermo Fisher Scientific) through a sample-introducing capillary heated at 200°C. Raw data collected on each mass spectrum were averaged using the Boxcar smoothing algorithm with five data points. Preliminary mass spectra were first obtained by deconvoluting raw data using ProMass (Novatia LLC, Princeton, NJ, USA), a software program for automatic deconvolution of multiply charged macromolecular ions. The major masses obtained from ProMass analysis were then further analyzed by Bioworks 3.2 (Thermo Fisher Scientific) using the Biomass Calculation and Deconvolution function to obtain final mass spectra.
Mass Recalibration
We have observed that the main source of error in mass measurement by our ion trap mass spectrometers is instrumental drift. We have also found this effect can easily be rectified by adjusting measured masses with a linear recalibration curve. The recalibration curve was obtained by measuring masses of three control proteins (masses ranging from about 10 to 60 kDa) and correlating measured masses with their respective calculated masses.
Results and Discussion
The time-resolved limited proteolysis method we have developed consists of two general procedures. The first involves experimental generation of limited proteolysis fragments at appropriate time intervals and over an appropriate total time period, followed by chromatographic separation of the proteolytic fragments and determination of their masses by mass spectrometry.
The second involves interpretation of all the data generated throughout the time course in a way that leads to a self-consistent set of constraints that enable determination of the identities of proteolytic fragments, including intermediates.
LC Separation of Fragments and Determination of Masses
Shown in Figure 1 are six chromatograms from timeresolved limited proteolysis of MK2, in which major peaks were denoted as peak 1 through peak 7. As can be seen from the figure, the proteolysis products in peaks 5 and 6 were visible at very early stages of the reaction. The amount of intact MK2 (in peak 7) decreased over time and became undetectable by the 4-h time point. A total of at least six major proteolysis products (from peak 1 through peak 6) were formed and remain visible by the 6-h time point. Mass spectral analysis on each chromatographic peak over the entire time course detected a total of 12 species, as shown in Table 1 . The blank fields in Table 1 are those at which a fragment was not detected or the signals were too weak to have a dependable measurement. Average mass values for each fragment are also given in the table. Averaging the measured mass over several time points was performed to reduce random error.
Generation of the Time Dependence of Proteolytic Fragments
In this study, the proteolysis products were well separated, given that only peaks 5, 6, and 7 contained more than one fragment. It was possible to obtain a dynamic, semiquantitative description of all proteolysis products by plotting their quantities, obtained from the LC profile, versus time as shown in Figure 2 . For most HPLC peaks (measured by UV absorption at 214 nm) containing only one fragment, the peak height was used directly to quantify a fragment's total amount. If more than one fragment were present in the HPLC peak, each fragment's quantity was approximated based on the assumption that those very similar fragments have similar ionization potentials; thus their mass spectral intensities were proportional to their relative quantities. Although the identities of the fragments are still unknown before further analysis, their relative stabilities were distinctively different based on the profiles shown in Figure 2 . It is very easy to differentiate stable fragments (the top 7 curves with solid lines) from those transient species (the bottom 5 curves with dashed lines). Based on stability, fragments are categorized into three groups: the most stable ones (denoted by "ms"), the relatively stable ones (denoted by "rs"), and the transient ones (denoted by "tr"). The quantities of the most stable fragments did not show an obvious de- Chromatographic profiles of proteolytic fragments measured by UV absorption at 214 nm at labeled time points. MK2 was mixed with subtilisin at time zero. The reaction was carried out at 25°C for 6 h (bottom to top). Aliquots of the reaction mixture were sampled and analyzed by LC/MS 2 min after the reaction started, and every 15 min for the next 2 h, followed by every 30 min for the next 4 h, using two different gradients (top 3 versus bottom 3 profiles) as described in the Experimental section. Equivalent peaks for the two gradients are indicated by the numbers. Mass spectra of all chromatographic peaks (except the unlabeled minor ones between peak 1 and peak 3) are summarized in Table 1. crease during the time course. The quantities of relatively stable fragments did decrease over time, but significant amounts were still detected at the 6-h time point. The quantity of each transient fragment reached their maximum during the early phase of proteolysis (20 -40 min from the start of the reaction), then decreased dramatically in the following 2 h, and became undetectable by the 4-h time point. In contrast, a significant amount of each stable fragment was still detected at the 6-h time point. We use a nomenclature for each fragment that starts with a two-letter code denoting the stability of the fragment, followed by the name of the chromatographic peak in which the fragment was detected, and its average mass. For example, the transient fragment detected in peak 7 with an average mass of 36,329.9 Da is referred to as tr-p7-36,329.9 Da.
To summarize the time dependence of the fragments observed, the most stable fragments were: ms-p2-1288.71 Da, ms-p3-11,264.7 Da, and ms-p4-4670.0 Da; the relatively stable ones were: rs-p6-15,916.8 Da, rs-p5-19,506.0 Da, rs-p5-20,432.5 Da, and rs-p1-944.38 Da; the transient fragments including the intact MK2 molecule were: tr-p6-16,843.0 Da, tr-p5-20,777.3 Da, tr-p5-21,704.1 Da, tr-p7-36,329.9 Da, and tr-p7-37,601.3 Da. Once these fragments are identified, this profile will provide a detailed description of the whole proteolysis process with all major reaction products including transient ones accounted for.
Identification of Proteolytic Fragments from Observed Masses and Matched Sequences
For each observed fragment, a list of subsequences of MK2 can be assembled whose calculated masses match, within error, that of the fragment. That is, if the observed fragments are treated as discrete variables, the lists corresponding to each observed fragment are their potential values. The theoretical basis of the current method is that if enough independent constraints exist, all variables that are subject to these constraints can be determined unambiguously. For this reason, the success of the current method depends on whether enough relationships among proteolytic fragments can be found. Time-resolved limited proteolysis provides a way to follow the proteolysis reaction as it proceeds and identify relationships among various fragments at different time stages of the reaction. As more constraints are identified during data analysis, more false sequences can be eliminated. Eventually, only one sequence remains on the list that is the true value or the identity of each fragment. Guidelines on how to approach the data analysis are subsequently described.
Similar to solving equations with multiple unknowns, multiple approaches exist in eliminating false sequences during data analysis. Nevertheless, certain ways lead to the solution more straightforwardly and rapidly. We have found the following general guidelines work well for MK2 as well as other protein targets Averaged masses and their corresponding standard deviations (SDs) are also given. The name of the HPLC peak in which each mass was detected is also shown. a
The blank fields are those at which certain fragments were not detected or the signals were too weak to yield reliable measurements.
in our lab: (1) identify larger fragments first because they usually have fewer potential sequences and may in fact be unambiguously identified from the observed mass value alone; (2) during the initial cleavage period, look for complementary fragments whose masses sum to that of the intact full-length protein (after subtracting the mass of water due to hydrolysis of the peptide bond); (3) start from the beginning of the time course, analyze the late stage next, and, finally, work toward the intermediate stages; and (4) fragments that elute from the same chromatographic peak are structurally similar and may contain the same amino or carboxyl terminus.
List fragment masses against potential sequences. As mentioned previously, the list is a set of sequences whose calculated masses are within a small mass window (experimental error) of the detected mass. Two factors are considered when setting the width of the mass window. The mass window should be large enough to include the true sequence, but not be too large to introduce false positives. It is therefore obvious that the higher the accuracy of the mass spectrometer used, the easier it is to narrow down the true sequence. Since our LCQ-DUO mass spectrometer can routinely achieve a mass accuracy of better than Ϯ2 Da after recalibration in the mass range up to 40 kD, a mass window of Ϯ3 Da was chosen to select potential sequences for most measured masses that required deconvoluting multiply charged ions. For smaller fragments (Ͻ2000 Da) whose masses were measured directly by monoisotopic mass with higher precision (Ͻ0.1 Da), a mass window of Ϯ0.2 Da was chosen. Thus, average masses and monoisotopic masses were used for large (Ͼ2000 Da) and small (Ͻ2000 Da) fragments, respectively. For each of the detected fragments shown in Tables 2-4 , all possible sequences and their masses were calculated by a custom-written Perl script.
Identify large fragments and complementary fragments during initial cleavage.
The initial cleavage period produces key information that greatly facilitates identification of the various intermediates and final limited proteolysis fragments of ultimate interest. For example, during the initial cleavage period, it is possible to generate large fragments that can be readily identified because there may be only a single sequence region whose mass matches with it. This is in fact the case for tr-p7-36,329.9 Da (Table 3) , which was identified as (11-325), because it is the only possible sequence within the selection window of Ϯ3 Da. Another key piece of information obtainable during the initial cleavage events is the production of pairs of masses, whose values sum to the total mass of either the (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . It was thus concluded with a high degree of certainty that these two fragments resulted from cleavage of MK2 at site (10, 11) (here we annotate cleavage sites by the two residues at the amino and carboxyl sides of the site, separated by a comma). The concept of mass additivity and sequence complementarity also helped with some of the other fragments observed early in the limited proteolysis reaction. In the first time point (2 min), four fragment masses were detected in HPLC peaks 5 and 6 (Table 1) . It was straightforward to infer that rs-p6-15,916.8 Da and tr-p5-21,704.1 Da are complementary fragments for two reasons. First, the sum of these masses (minus the 18 Da mass for proteolytic addition of a water molecule) equals 37,602.9 Da and is within error equal to the calculated mass of intact MK2 (37,601.5 Da). Second, complementary (mutually exclusive) sequence regions of MK2 have mass values that match the masses of these fragments (Table 2a) . Likewise, similar relationships exist for tr-p6-16,843.3 Da and tr-p5-20,777.3 Da. With the complementary relationships identified for these two pairs of fragments, all potential sequences except those containing the original N-or C-terminus were eliminated, as shown in gray in Table 2 .
Interestingly, despite having eliminated the majority of potential sequences, there still remain two possibilities for the identities of the complementary fragments rs-p6-15,916.8 Da and tr-p5-21,704.1 Da. That is, two sets of complementary sequence regions from MK2 sum to the mass of the intact MK2 molecule (from Table 2a (1-181) and (182-325) sum to, within error, the mass of intact MK2 as shown in Table 2b .
With the prior identification of the cleavage site (10, 11) , the orientation of the above two pairs of complementary fragments can easily be resolved. For the stable fragment rs-p6-15,916.8 Da, its identity had been narrowed down to either or (190 -325) . If its identity were the former, containing the cleavage site (10, 11) , an equally or more stable fragment , with a calculated mass of 14,645.0 Da, would have been generated but was not detected at any time point along the entire reaction. This supports assignment of rs-p6-15,916.8 Da to (190 -325 ). This in turn predicts that its complementary fragment, tr-p5-21,704.1 Da, now tentatively assigned as (1-189), would also lead to a more stable fragment (11-189) resulting from cleavage at (10, N-terminus containing (1-181) . These assignments indicate that MK2 has two more cleavage sites at (181, 182) and (189, 190) , in addition to the already identified (10, 11) . Importantly, additional support for these assignments, and all assignments, comes from self-consistency in analyzing the global dataset from the early, mid, and late stages of limited proteolysis.
Identify fragments from combinations of cleavage sites. At this point, a total of three cleavage sites at (10, 11) , (181, 182), and (189, 190) have been identified as shown in Figure 3 . One way to identify more fragments is to search for all possible fragments that result from various combinations of already identified cleavage sites and see whether the calculated masses match with detected masses. For example, knowing the presence of three cleavage sites at (10, 11) , (181, 182), and (189, 190), the calculated masses for the two sequences, and (182-189), are 19,504.5 and 944.40 Da, respectively. By examining the remaining unidentified masses (Table  1) , one can assign the two fragments rs-p5-19,506.0 Da and rs-p1-944.38 Da to these two sequences. By this approach, the only remaining unidentified fragment from peak 5 can be identified. However, for the purpose of illustrating additional constraints that exist in the current dataset, the subsequent discussion demonstrates other means by which the two fragments, rs-p5-19,506.0 Da and rs-p5-20,432.5 Da, are identified. Figure 4 are mass spectra of peak 5 at three selected time points representing the early, middle, and late stages of proteolysis. We have found that proteolytic fragments that co-elute by LC often contain a common sequence region and similar length, thus giving rise to their similar chromatographic behavior. It is evident that tr-p5-21,704.1 Da and tr-p5-20,777.3 Da were Table 3 .
Identify fragments by subfragment relationship. Shown in
At this point, there are still three remaining possible sequences for rs-p5-19,506.0 Da: (1-169), (6 -175) , and (11-181). Since rs-p5-19,506.0 Da was one of the more stable fragments except those most stable ones ( Figure  2) , it was unlikely to contain the susceptible cleavage site (10, 11) . Furthermore, for (1-169) or (6 -175) to be true identities for any fragments, the cleavage sites (169, 170) or (5, 6) and (175, 176) would have to exist, respectively. However, there was no evidence supporting either hypothesis. Therefore, the only reasonable assignment for rs-p5-19,506.0 Da is , as shown in bold in Table 3 . For rs-p5-20,432.5 Da, the two remaining possible sequences are (8 -186) and . Between them, only (11-189) appeared to be the real sequence. This is because additional cleavage sites at (7, 8) and (186, 187) would have to exist to make (8 -186) a reasonable choice. On the other hand, since (10, 11) and (189, 190) have already been identified as cleavage sites, cleaving at (10, 11) and (189, 190) would readily generate . Therefore, ) is assigned to rs-p5-20,432.5 Da.
Identify the most stable fragments remaining late in the time course. To this point, the only two observed fragments yet to be identified are ms-p3-11,264.7 Da and ms-p4-4670.0 Da. Since they were two of the most stable fragments (Figure 2 ), they were unlikely to contain any of the cleavage sites identified so far. Otherwise, they would have been cleaved during the time course. Therefore, they could only evolve from either (11-181) at 19,506.0 Da or (190 -325) at 15,916.806.5 Da, two of the fragments that do not contain previously identified cleavage sites as shown in Figure 3 . Consequently, potential sequences for ms-p3-11,264.7 Da that are not covered by or (190 -325) are ruled out and shown in gray.
By examining the remaining sequences for ms-p3-11,264.7 Da in Table 3 , if it evolved from (11-181), the only choice would be (79 -177). If it evolved from (190 -325), several sequences seem to be possible (the bottom 5 on the list in Table 3 ). However, since it was formed by additional cleaving of a relatively stable fragment, very limited additional cleaving is expected during its formation. Therefore, sequence (231-325), which could come from a single cleavage on (190 -325), appeared to be the most reasonable choice. Any other sequences would require two more cleaving events to be generated, and there was no evidence indicating the existence of these extra cleavage sites. Furthermore, strong additional evidence supporting this assignment is that its complementary fragment (190 -230) , with a calculated mass of 4670.45 Da and presumably cleaved from (190 -325) when (231-325) was generated, was in fact found in peak 4 at 4670.0 Da. With the identification of the two most stable fragments, ms-p3-11,264.7 Da and ms-p4-4670.0 Da, a fourth cleavage site at (230, 231) was also identified. The complete cleavage map of MK2 depicting all identified cleavage sites and resulting fragments is summarized in Figure 3 . After all proteolysis products are identified by the current method, we compared the difference between each detected mass and the calculated mass of its determined identity as shown in the last rows in Tables  2, 3 , and 4. The differences were from Ϫ0.2 Da to ϩ1.5 Da. This distribution was well within the mass window (Ϯ3 Da) used in selecting potential sequences. This indicated that the mass window used in selecting potential sequences was large enough. With all of the major proteolysis reaction products identified, a dynamic picture of the entire proteolysis process was assembled by combining the information shown in Figures 2 and 3 . It was evident that none of the fragments containing (10, 11) or (189, 190) was stable. In contrast, the relatively stable fragments, and (190 -325), contained cleavage sites (181, 182) and (230, 231), respectively. This indicated the two cleavage sites at (10, 11) and (189, 190) were more susceptible to proteolysis than the two at (181, 182) and (230, 231).
Comparison to SDS-PAGE and N-Terminal Sequencing Data
To compare the present method to the more traditional approach of relying on SDS-PAGE and N-terminal sequencing, as well as to help validate the present method, we conducted SDS-PAGE and N-terminal sequencing analyses under conditions very similar to those of the time-resolved LC/MS study. Figure 5 shows a time course for the limited proteolysis reaction of MK2. There are clearly multiple bands, but it is not clear how many could be overlapping by SDS-PAGE analysis. Traditionally, N-terminal sequencing is done , and 6 h (lane 10). Overloading was done to make the weaker bands more visible. Intact MK2 migrated with an apparent molecular weight of 37 kDa. When MK2 molecules were cleaved by subtilisin, three groups of fragments in the approximate ranges of 18 -30, 12-16, and 7 kDa were formed, respectively. on bands that appear to reflect stable domains. We did N-terminal sequencing on the major bands of the 1-h time point sample that migrated with apparent molecular weight (estimated using Mark12™ protein standard) of 19, 13, and 7 kD, respectively. Their first 5 amino acids at the N-terminus were (11) (12) (13) (14) (15) , (190 -194) , and (190 -194) , respectively. These bands correspond to rs-p5-20,432.5 Da and/or rs-p5-19,506.0 Da, rs-p6-15,916.8 Da, and ms-p4-4670.0 Da, respectively. These results confirmed the cleavage sites previously identified by the LC/MS only approach. Since the molecular weight measurement by SDS-PAGE lacks enough precision, even when N-terminal sequencing data are available, it can still be difficult to determine the exact C-termini of the fragments. Mass spectrometry analysis of the bands by the proteomics approach would obviously greatly facilitate identification of the fragments, but in most cases would likely require the N-terminal sequencing data for unambiguous determination. Furthermore, it is extremely tedious to obtain dynamic information of proteolysis as shown in Figure 2 by the proteomics approach. As a contrast, the time-resolved LC/MS only approach provides significantly more information about the proteolysis process and it is also less time-consuming.
Comparison to Crystal Structure Data
We mapped the cleavage sites identified by the current method onto the known crystal structure of MK2, shown in Figure 6 [32] , to determine whether their locations correspond to flexible or surface-exposed regions. The protein crystal structure was obtained with a construct of MK2 consisting of amino acids (1-400), which relative to the construct used in this study contained an extra 39 amino acids at the N-terminus and an extra 36 amino acids at the C-terminus. Assignable electron density was observed for the region spanning (46 -385), covering residues (7-325) in the construct used in this study, with an extra 36 amino acids at the C-terminus and two gaps at (217-235) and (282-283), respectively. The 21 residues at the C-terminus (365-385), which were absent in the construct of the present study, extended into solution and away from the core structure as shown in gray, apparently causing no distortion to the core structure. The identified cleavage site (10, 11) corresponds to (49Lys, 50Ser) in crystal structure, which is located on a partially unfolded extended strand at the N-terminus. The two cleavage sites (180, 181) and (189, 190) correspond to (220Leu, 221Thr) and (228Tyr, 229Tyr), respectively, in the crys- [32] . The four cleavage sites identified by limited proteolysis, (49Lys, 50Ser), (220Leu, 221Thr), (228Tyr, 229Tyr), and (269Leu, 270Ala), are all exposed and apparently flexible (numbering is from 1KWP.pdb and shifted by 39 from that used in the present study). Two of the identified cleavage sites, (220Leu, 221Thr) and (228Tyr, 229Tyr), are on the activation loop and fall in the region of 19 unresolved residues (217H-235G) in crystal structure, presumably due to the high degree of flexibility of this region. The C-terminal 21 residues 365-385, which are absent in the construct of present study as shown in gray, extend into solution and away from the core structure. The limited proteolysis and X-ray crystal structure data are in good agreement based on the concept that limited proteolysis cleaves preferentially at exposed and flexible regions. tal structure. They fell within a missing gap of 19 amino acids in the activation loop for which there was no electron density visible in crystal structure. The missing gap was presumably caused by a high degree of flexibility, such that not enough electron density was registered for any single conformation. The cleavage site (230, 231) corresponds to (269Leu, 270ALa) in the crystal structure, which was located on an exposed linker region between two helices. The four observed cleavage sites all appeared to be exposed, and at least two of them were in regions of high flexibility. Overall, three areas of the MK2 molecule were sensitive to proteolysis, and only four sites were preferentially cleaved. It is also worth pointing out that stable fragments generated by limited proteolysis are based on structural stability; they may not correspond to fully functional domains. This is because some functional domains have flexible loops in the middle that are susceptible to proteolysis, as is in the case of MK2 where its activation loop was among the first to be cleaved.
Conclusions
We have described a novel, time-resolved LC/MS approach for identifying stable domains and flexible regions on the catalytic domain of MK2 by limited proteolysis. This method eliminated the need for conducting additional experiments with other technologies such as SDS-PAGE, N-terminal sequencing, and peptide mapping. Importantly, it took less time and was more informative than traditional approaches. The time-resolved approach not only enabled identification of the most stable fragments, but also provided insight into the dynamic nature of the limited proteolysis reaction at early and intermediate stages of proteolysis. Since it does not require specific proteases, it is a more universal method that can be used in any limited proteolysis studies where proteins are cleaved based on structural flexibility and surface exposure. Currently, with a regular ion-trap type of mass spectrometer, a target protein with a mass up to 50 kDa can be readily analyzed. For the current method to be applied successfully, it is essential that the 6-h time course captures all critical steps of proteolysis-that is, from the initial cleaving to generate complementary fragments, through different intermediate states-until all stable fragments are formed. This will usually allow enough constraints or relationships governing proteolytic fragments to be identified. Similar to solving equations of multiple unknowns, as long as enough constraints can be found, all proteolytic fragments can be determined robustly. That is, because all fragments are intrinsically linked by specific relationships, incorrect assignment of some fragments will invariably cause others to be without a valid solution. This greatly reduces the likelihood that assignment errors early in the process would be propagated throughout the process. We have also applied this method successfully to more than 10 unrelated recombinant proteins so far in our laboratory (unpublished results). We have found that if a clear mass spectrum was obtained on an intact target protein, its proteolytic fragments were also measured reliably and the current method was applicable. Because this method identifies flexible and stable regions of proteins, it is useful in the design of protein constructs for X-ray crystallography studies [29] , as well as for studying proteins with unknown structures. It is also conceivable that when a high-resolution mass spectrometer such as Fourier transform mass spectrometer (FTMS) is used, this method can be applied to much larger proteins, since the corresponding mass window for selecting potential subsequences can be significantly reduced for FTMS. In addition, FTMS can perform sequencing "on the fly" on protein fragments, thus achieving rapid analysis with an even higher confidence level [33, 34] . Given the relatively simple mathematical mass constraints of the proteolytic products generated from a target protein of known sequence, it should be possible to globally analyze by automated computational methods.
